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Introduction
Since their introduction about 15 years ago, 1 "click" reactions have been an indispensable tool for drug development [2] [3] [4] and also attracted considerable attention in bioorthogonal labelling. [5] [6] [7] [8] Careful optimization of the reactants has led to systems with very fast coupling kinetics (k up to 10 5 M -1 s -1 ), 9, 10 which has enabled the study of cellular processes on a timescale of minutes. 11 In recent years, interest has also been directed at the development of inorganic "click" (iClick) reactions which involve small ligands directly coordinated to a metal center. 12, 13 In particular, the [3+2] cycloaddition reaction of metal-azide complexes with terminal and internal alkynes as well as nitriles gives rise to metal-triazolate and metal-tetrazolate complexes, respectively. [14] [15] [16] Very recently, dual-functional platinum(II) complexes incorporating both a metal-coordinated alkyne and a peripheral organoazide moiety have also been sucessfully polymerized to metallopoly-triazolates, however under addition of copper(II) acetate as a catalyst. 17 While initial kinetic studies by Veige et al. were focused on linear gold(I) azide compounds, 18 we have recently shown for a series of Cp * Rh(III) azide complexes with substituted 2,2'-bipyridine (bpy) coligands that the rate of the reaction is accelerated by introduction of electron-donating groups in the 4-and 4'-position of the bpy. 19 However, the effect of variation of metal center and alkyne on the speed of the iClick reaction has not been investigated so far. Herein, we report on the synthesis and structural characterization of two isoelectronic molybdenum(II) and tungsten(II) azide complexes [M( 3 -allyl)(N 3 )(bpy)(CO) 2 ] and their iClick cycloaddition reaction with two different electron-deficient alkynes, dimethyl acetylenedicarboxylate (DMAD) and 4,4,4-trifluoro-2butynoic acid ethyl ester, which are formally related to each other by substitution of a methyl ester by a trifluoromethyl group. In particular, accessible via this route due to considerably slower ligand exchange on the 5d vs. 4d metal center. Therefore, a consecutive reaction sequence had to be employed. Starting from [W(CO) 6 ], two carbonyl ligands were oxidized to carbon dioxide by addition of 2 eq. of trimethylamine N-oxide (TMAO), 31 which facilitates the introduction of the 2,2'bipyridine ligand under mild conditions, leading to [W(bpy)(CO) 4 ] (7) , although only in a low efficiency of 31%. An additional carbonyl ligand was then replaced by pyridine upon reflux in xylene for 18 h, leading to [W(bpy)(CO) 3 (py)] (8) in 76% yield. 32 The mixed-ligand bipyridine/pyridine complex then underwent oxidative addition of allyl chloride to give [W( 3 -allyl)Cl(bpy)(CO) 2 ] (9) in a yield of 86%. Introduction of the azide ligands also required different procedures. In the case of molybdenum, the chlorido complex 1 was first treated with silver triflate to precipitate the halide as insoluble silver chloride, followed by reaction with a 2-fold excess of sodium azide in acetonitrile at room temperature overnight, to give 2 in 58% yield. The analogous tungsten compound, on the other hand, was obtained by refluxing chlorido complex 9 in a mixture of acetone/methanol in the presence of 5 eq. of sodium azide for 6 h, which allowed isolation of 10 in 62% yield. Scheme 1 Synthesis of molybdenum and tungsten triazolate complexes 5, 6, 11, and 12 by catalyst-free room temperature "iClick" reaction of the corresponding azide compounds with electron poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) and 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) or "masked" alkyne dimethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (ONB COOCH3,COOCH3 ).
The molybdenum and tungsten azide compounds 2 and 10 were then tested for their efficiency in the catalyst-free "iClick" cycloaddition reaction with electron-poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) and 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) . Using these coupling partners, the [3+2] cycloaddition reaction proceeded smoothly at room temperature in dichloromethane, from which the triazolate complexes 5, 6, 11, and 12 were easily isolated by precipitation with diethyl ether or n-hexane in moderate to good yield (36-85%). Alternatively, a "masked" alkyne in the form of dimethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (ONB COOCH3,COOCH3 ) was also utilized in the cycloaddition with 2, 33 which gave an even higher yield of triazolate 5 compared to the reaction with DMAD (3). To further evaluate the scope of dipolarophiles, phenyltrifluoromethylacetylene (15) was prepared in a three-step published procedure with the pyrolysis of triphenylphosphonium--(trifluoroacetyl)benzylide (14) as the key step (Scheme S1). [34] [35] [36] [37] [38] [39] [40] However, no product could be isolated from a mixture of molybdenum azide complex 2 and alkyne 15 upon reaction in dichloromethane at room temperature for 24 h. A change of the solvent to acetone and increase of the reaction temperature to reflux did not improve the outcome and in both cases, the precipitated red solid turned out to be the molybdenum azide starting material 2 based on 1 H and 19 F NMR analysis. Either the presence of only one electron-withdrawing group is insufficient for a proper match of frontier orbitals or the phenyl group is sterically too demanding to allow approach to the azide reaction partner.
Spectroscopy and X-ray structure analysis
The strong and well-separated vibrational bands of the azide, carbonyl, and triazolate ester groups provide an easy handle for the identification of the reaction products with IR spectroscopy. In particular, the successful substitution of the chlorido by azide ligand is evident from the strong azide antisymmetric stretch present in 2 and 10 at 2036 and 2046 cm -1 , respectively (Table 1) . 41 In the course of the iClick cycloaddition reaction with alkynes,  asym (N 3 ) disappears and instead, the C=O stretches of the ester carbonyl groups on the triazolate ring formed are observed at about 1710 to 1725 cm -1 . exchange of the axial ligand. The replacement of chloride by azide results in changes < 5 cm -1 in both bands. Rather small shifts are also observed upon generation of the coordinated triazolate ligand in the course of the cycloaddition reaction and seem to depend on the further substitution pattern on the newly generated five-membered ring, with the antisymmetric stretch somewhat more responsive than the symmetric one. Replacement of the methyl ester group in the triazolates 5 and 11 by trifluoromethyl in 6 and 12 leads to somewhat larger shifts in the band positions but generally, these do not exceed about 20 cm -1 .
The assignment of the 1 H NMR spectra is complicated by the presence of a mixture of exo and endo conformers due to two alternative orientations of the allyl group relative to the bpy ligand, with some of the signals overlapping. [42] [43] [44] [45] In addition, the triazolate ligand can assume two different coordination modes (N1 vs. N2) when carrying identical substituents in 4and 5-position, as in 5 and 11, while three different isomers are possible for the unsymmetrically substituted compounds 6 and 12. However, the trifluoromethyl group in alkyne 4 as well as triazolate complexes 6 and 12 is a sensitive and diagnostic marker for 19 F NMR spectroscopy. In 4,4,4-trifluoro-2-butynoic acid ethyl ester (4), its resonance is observed at -50.9 ppm while in the resulting triazolate complexes, it is shifted upfield by about -6 to -8 ppm to approx. -58 ppm. In the case of molybdenum compound 6, three signals are observed in that range with an intensity ratio of 80:14:6, while the tungsten analogue 12 shows only two species in 88:12 ratio. However, since the differences in chemical shift are very small, it is not possible to assign the different species to either exo/endo isomers or the different coordination modes of the triazolate ligand. Both azide complexes 2 and 10 as well as the four triazolate compounds 5, 6, 11, and 12 were characterized by single-crystal X-ray structure analysis with the molecular structures shown in Table S1 . The tungsten center in 10 is in a pseudooctahedral coordination environment with the bpy ligand and the cis-W(CO) 2 moiety in the central plane ( Fig. 1 ). The azide group points away from the bpy with a W1-N1-N2 angle of 124.3(3)° and is located on a mirror plane which intersects the two carbonyl ligands and the central bpy C6-C6a axis, with the two halves of the molecule symmetry-related to each other. Fig. 1 Molecular structure of [W( 3 -allyl)(N3)(bpy)(CO)2] 10 with thermal ellipsoids displayed at the 50% probability level. The asymmetric unit contains only one half of the molecule with the other one related to it by a mirror plane. Selected bond lengths [Å] and angles [°] for 10: W1-C1 1.959(4), W1-N1 2.169(5), W1-N4 2.227(3), W1-(allyl centroid) 2.032(4), C1-O1 1.161(4), C7-C8 1.413(5), N1-N2 1.199(6), N2-N3 1.160 (7) , C1-W1-C1a 82.2(2), N4-W1-N4a 72.5(2), C1-W1-N4 102.0(2), N1-W1-(allyl centroid) 172.8(2), C7-C8-C7a 114.5 (5) , W1-N1-N2 124.3(3), N1-N2-N3 175.4 (5) .
All other parameters, in particular long N1-N2 (1.199(6) Å) and short N2-N3 (1.160(7) Å) bond distances in the azide ligand, 41 as well as C1-O1 bond lengths of 1.161(4) Å, are as expected. 46 There are about a dozen tungsten azide complexes structurally characterized so far, [47] [48] [49] [50] [51] [52] [53] [54] [55] )(CO) 2 ] with bpm CH3,CH3 = bis(3,5-dimethyl-pyrazol-1-yl)methane. 57 However, in all these compounds, the azide ligand is oriented trans to one of the diatomic ligands, either CO or NO, not the allyl.
All four triazolate complexes 5, 6, 11, and 12 obtained by iClick reaction with the electron-poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) or 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) exhibit N2-coordination of the five-membered ring ( Fig. 2 and Fig. S2-S4 ), similar to the other compounds prepared this way we have characterized so far. 19, 28 Since the azide ligand is N1coordinated in 2 and 10, apparently a 1,2-shift has to take place during or after the cycloaddition reaction. The bond lengths and angles of all four triazolate complexes 5, 6, 11, and 12 are essentially identical, with deviations below 0.02 Å and 0.3°, respectively. Apparently, the influence of the metal center (Mo vs. W) and substituent in the 4-and 5-position on the triazolate ring (methyl ester vs. trifluoromethyl/ethyl ester) on these parameters is negligible. (4), C1-W1-C2 78.0(1), N4-W1-N5 73.02 (7) , C1-W1-N4 105.22 (9) , C2-W1-N5 101.89(9), N2-W1-(allyl centroid) 176.27 (7) , C15-C16-C17 115.1(2), (N2-W1-C16)-(triazolate) 49.5(3).
The same is also true when comparing the azide vs. triazolate complexes, where differences of key parameters are below 0.02 Å and 0.8°, respectively. One notable exception, however, is the orientation of the triazolate ring plane relative to the central C-C axis of the bpy ligand. In the trifluoromethyl-substituted molybdenum compound 6, these two are essentially parallel to each other and the triazolate assumes a staggered orientation relative to the two bipyridine N-metal-CO angles. In contrast, in the other three complexes 5, 11, and 12, the triazolate ring plane is significantly rotated around the M-N2 axis relative to the central bpy C-C vector and assumes a more or less eclipsed orientation relative to one of the M-CO moieties. In the absence of any notable intramolecular interactions, the twist around the metal-triazolate N2 bond is apparently governed by subtle packing effects in the solid state. A detailed analysis of the energy barrier between the different conformations based on DFT calculations is presented below.
F NMR kinetic measurements
The rate constant of the cycloaddition reaction is a very important parameter when this method is to be applied to bioconjugation, since it has to be faster than the biological process of interest. With 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) as the alkyne component, the use of 19 F NMR spectroscopy is a facile way to follow the course of the reaction, since there is a shift of about -8 ppm between the alkyne CF 3 signal, 28 which is observed at -50.9 ppm in DMSOd 6 , and that of the trifluoromethyl group in the 4-position of the molybdenum-and tungsten-coordinated triazolates resulting from the cycloaddition, where the peaks are found at around -58 ppm, with very little variance between the two metals. Thus, the tungsten azide complex 10 was dissolved in DMSO-d 6 and mixed with ammonium hexafluorophosphate serving as an internal standard. Then, alkyne 4 was added with the metal azide complex-to-alkyne ratio adjusted to 1:1. A series of 19 F NMR spectra were recorded at 27 °C in 40-50 s intervals over 30 min, with a time lag of about 1 min between the mixing and the first spectrum obtained due to experimental limitations. In addition to the signal of the alkyne at -50.9 ppm and the doublet of the hexafluorophosphate anion at -70.1 ppm with a 1 J F,P coupling of 711 Hz, already the first spectrum recorded shows two additional signals at -58.7 and -59.0 ppm ( Fig. 3 top) . With increasing reaction time, these two signals assigned to the isomeric N1-and N2-coordinated triazolate complexes increased in intensity, while the alkyne CF 3 peak at -50.9 ppm decreased continuously with similar time profiles ( Fig. 4) . In contrast, the intensity of the signal of the hexafluorophosphate additive remained constant during the whole time of the measurement. Assuming a second-order rate law and equal concentrations of azide complex and alkyne at the start of the reaction as well as negligible side-reactions, the kinetics can be modelled up to 50% conversion by eq. 1. Time [s] coupling reactions such as the tetrazine ligation show even faster kinetics with rate constants up to 10 4 M -1 s -1 . 10 The same method was also attempted to study the kinetics of the iClick reaction of the related molybdenum azide complex 2 with alkyne 4. However, the reaction proceeded very fast at room temperature and after 2-3 min, no signal for the trifluoromethyl-substituted alkyne was detectable at -50.9 ppm. This is a strong indication that the type of metal center (Mo vs. W) has a significant influence on the rate constant, but apparently the NMR spectroscopic method successfully applied to the tungsten complex has too long a time lag between mixing and recording of the first spectrum as well as too long delay times between the individual measurements to follow the process in the case of the molybdenum compound.
Solution IR kinetic measurements
Since the iClick reaction was too fast to be monitored by NMR in the case of the molybdenum complex 2 and comparison of the cycloaddition reactions of the azide complexes with DMAD (3) was not possible using this method, since it lacks the fluorine label as in 4,4,4-trifluoro-2-butynoic acid ethyl ester (4), solution IR measurements were explored as an alternative method to obtain the rate constants for the iClick reaction of 2 and 10 with the two alkynes 3 and 4, as previously used successfully to study the cycloaddition reaction of [Rh(Cp * )(N 3 )(bpy R,R )]CF 3 SO 3 with alkyne 4. 19 Thus, the azide complex (2 or 10, 8 mM) dissolved in dimethylsulfoxide was mixed with alkyne (3 or 4, 40 mM) and then quickly transferred to a liquid IR cell, with a maximum time lag of about 1.5 min between mixing and start of the measurement. Measurements in the 1800-2100 cm -1 spectral range were carried out in 20 s intervals until the azide band at 2050-2060 cm -1 had completely disappeared. No spectral overlap was observed in that region with bands assigned to alkynes 3 and 4 ( Fig. S5 ). In contrast to the azide band, the two signals due to the antisymmetric and symmetric C≡O stretching vibrations between 1835 and 1935 cm -1 remained essentially unchanged during the course of the reaction ( Fig. 5 and Fig. S6 ). A minor intermediate decrease in the intensity of the symmetric C≡O band might be due to subtle differences in the extinction coefficients of this vibration in the azide vs. triazolate species. Significant differences in the time required for the reaction to reach completion are clearly evident in a plot of the intensity of the azide stretch vs. reaction time (Fig. 6 ). The reaction of the azide complexes 2 and 10 with 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) is faster than that with DMAD (3) regardless of the metal complex, while the molybdenum azide complex reacts faster than the tungsten analogue irrespective of the alkyne. The data was fit to a monoexponential decay according to eq. 2 with a correlation coefficient of better than 0.9990 for all four reactions and gave pseudo-first order rate constants k in the range of 0.4 to 6.5  10 -3 s -1 (Table 2 ).
(eq. 2)
The molybdenum azide complex 2 reacts about 3-4 times faster than the tungsten analogue 10, while the cycloaddition reaction with 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) is 4-7 times more rapid than the one with DMAD (3). While the latter trend corresponds well with an increase in the rate constant with increasing electron density on one of the organic reactants, as observed previously for [Rh(Cp * )(N 3 )(bpy R,R )]CF 3 SO 3 , 19 and reflected in the Hammett constants for COOCH 3 vs. CF 3 of 0.45 and 0.54, respectively, 58 the influence of the metal on the speed of the iClick reaction has not been studied so far and thus there is no data available for comparison. Unfortunately, the isostructural chromium azide complex was not accessible for comparison due to low stability of the starting materials. 
DFT calculations
In order to obtain some insight into the energy hypersurface of the triazolate complexes, in particular with regard to the orientation of the allyl ligand (exo vs. endo), the coordination mode of the five-membered ring (N1 vs. N2), and the rotation of the triazolate around the metal-N axis, DFT calculations were carried out on one of the molybdenum complexes serving as a model system, using the BP86 functional, a TZVP basis set, and the COSMO solvation model using dimethylsulfoxide, as also employed in the NMR studies. A full geometry optimization without constraints showed the N2-coordinated endo isomer of 5 to be 6.2 kcal mol -1 more stable than the exo one. Retaining the endo orientation of the allyl ligand, the corresponding N1 species was destabilized by 6.9 kcal mol -1 relative to the reference isomer ( Fig. 7) , which is also confirmed by other recent structural studies. 60, 61 Thus, the triazolate coordination mode and allyl ligand orientation observed in the X-ray structure of 5 is indeed the most stable of the three isomers studied. However, due to the many degrees of freedom, the additional effect of rotation of the methyl ester groups around the triazolate-C4/C5-COOCH 3 axis and variation of the H 3 C-O-C=O torsion angle was not further investigated. A relaxed surface scan of the N2-coordinated endo isomer with rotation of the triazolate around the Mo-N2 bond in 15° steps showed the "parallel" orientation of the triazolate mean plane and the central bpy C-C axis as well as the "perpendicular" conformation with the triazolate at 90° relative to the bipyridine central axis to be minimum structures, with the latter slightly lower in energy by about 0.2 kcal mol -1 , while the eclipsed orientations are transition states between the four minimum structures ( Fig. 8 ). However, with a maximum difference in energy of only 0.9 kcal mol -1 , the barrier is extremely low, even less than the 1.3 kcal mol -1 determined for a [Mn(triazolate)(bpy)(CO) 3 ] derivative in a previous study 28 and only about one-third of the energy difference between the staggered and eclipsed conformations of ethane of about 2.9 kcal mol -1 . 62 In the case of the unsymmetrically substituted molybdenum complex 6, a different energy profile was observed ( Fig. S7 ), since the "perpendicular" conformer with the trifluoromethyl group pointing towards the bpy ring is significantly more stable than the one turned by 180°, with the ethyl ester group towards the bipyridine. Furthermore, the eclipse conformations now also become inequivalent. Still, even in this case, the maximum barrier height does not exceed 1.3 kcal mol -1
. Thus, the triazolate ligand can rotate freely around the Mo-N2 axis at ambient temperature and there is only a very minor influence of the substituents in 4-and 5-position on the barrier height.
Conclusions
Two group VI azide complexes of the general formula [M( 3 allyl)(N 3 )(bpy)(CO) 2 ] with M = Mo, W were prepared and fully characterized, including X-ray structure analysis, which revealed little differences between the two compounds. While the molybdenum(II) complex was accessible in two steps, the one-pot reaction of [Mo(CO) 6 ] with allyl chloride and 2,2'bipyridine followed by exchange of the chloride to the azide ligand, the tungsten(II) analogue required a different synthetic strategy due to significantly slower ligand exchange. Initially, two of the CO ligands in tungsten(0) hexacarbonyl were removed with TMAO and then replaced by bpy. This was followed by exchange of a third carbonyl ligand by pyridine in refluxing xylene. The resulting [W(bpy)(CO) 3 (py)] was then employed in a further reaction sequence similar to the one employed for the molybdenum complex. The two azide complexes underwent smooth [3+2] cycloaddition iClick reactions with electron-poor alkynes such as dimethyl acetylenedicarboxylate (DMAD) and 4,4,4-trifluoro-2-butynoic acid ethyl ester, while phenyltrifluoromethylacetylene did not react. However, at present it is unclear whether this is due to electronic or steric factors. The four triazolate compounds obtained were characterized by X-ray structure analysis, which revealed the five-membered ring to be coordinated to the metal center via the N2 nitrogen atom in all cases. In contrast, 19 F NMR spectra of the trifluoromethyl-substituted products gave hints of a mixture of the N1-and N2-coordinated species in solution, although the assignment is complicated by the additional exo/endo isomerism of the ally ligand. Still, the method allowed facile study of the reaction kinetics in the case of the tungsten azide complex, which gave a second-order rate constant of (7.3±0.1)  10
, comparable to that observed for some first-generation cyclic alkynes used in the strain-promoted azide-alkyne cycloaddtion (SPAAC). The analogous molybdenum complex reacted too fast for study with NMR methods and attempts to also prepare the similar chromium compound did not succeed due to very low stability of the precursors. On the other hand, solution IR measurements allowed the determination of pseudo-first order rate constants for all four combinations of metal-azide complexes and alkynes, which were found to be in a range of 0.4 to 6.5  10 -3 s -1 and increased in the order of Mo > W and F 3 C-C≡C-COOEt > DMAD. Thus, for the first time, there has been a systematic evaluation of the effect of the metal center on the kinetics of the iClick cycloaddition reaction of metalcoordinated azides with electron-poor alkynes. In otherwise isostructural and isoelectronic compounds, the 4d complex was consistently found to react faster than the 5d analog. This demonstrates that the kinetics of the iClick reaction of metalcoordinated small ligands can be tuned not only by variation of electron-withdrawing vs. electron-donating groups in the periphery of the alkyne 18 or the coligands, 19 but also by exchange of the metal itself. Thus, it is expected that this reaction can be extended to additional transition metal azide complexes and such experiments are currently under way. In contrast, the choice of the alkyne seems to be much more limited, as demonstrated by the failure of phenyltrifluoromethylacetylene to give any cycloaddition product, even at elevated temperatures. More work will be required to dissect the electronic and steric factors which govern the reactivity of this component and establish a general building block approach to metal-triazolate complexes. 13 identity (RI) approximation, a def2-TZVP/def2-TZVP/J basis set, the tightscf and grid4 options, and the COSMO solvation model with dimethylsulfoxide as the solvent for geometry optimization and subsequent calculation of vibrational frequencies to characterize the structure obtained as a minimum by inspection for absence of imaginary modes. Then, a relaxed surface scan was carried out in 15° steps for the full 360° rotation of the triazolate ring relative to the central C-C2 axis of the 2,2'-bipyridine ligand while allowing all other variables to relax. The maxima located on the resulting potential energy curve where then further characterized as transition states using the optTS keyword in separate runs.
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Catalyst-free room-temperature iClick reaction of molybdenum(II) and tungsten(II) azide complexes with electron-poor alkynes: Structural preferences and kinetic studies (m, 5H, CC 6 H 5 ); 13 
Introduction
Since their introduction about 15 years ago, 1 "click" reactions have been an indispensable tool for drug development [2] [3] [4] and also attracted considerable attention in bioorthogonal labelling. [5] [6] [7] [8] Careful optimization of the reactants has led to systems with very fast coupling kinetics (k up to 10 5 M -1 s -1 ), 9, 10 which has enabled the study of cellular processes on a timescale of minutes. 11 In recent years, interest has also been directed at the development of inorganic "click" (iClick) reactions which involve small ligands directly coordinated to a metal center. 12, 13 In particular, the [3+2] cycloaddition reaction of metal-azide complexes with terminal and internal alkynes as well as nitriles gives rise to metal-triazolate and metal-tetrazolate complexes, respectively. [14] [15] [16] Very recently, dual-functional platinum(II) complexes incorporating both a metal-coordinated alkyne and a peripheral organoazide moiety have also been sucessfully polymerized to metallopoly-triazolates, however under addition of copper(II) acetate as a catalyst. 17 While initial kinetic studies by Veige et al. were focused on linear gold(I) azide compounds, 18 we have recently shown for a series of Cp * Rh(III) azide complexes with substituted 2,2'-bipyridine (bpy) coligands that the rate of the reaction is accelerated by introduction of electron-donating groups in the 4-and 4'-position of the bpy. 19 However, the effect of variation of metal center and alkyne on the speed of the iClick reaction has not been investigated so far. Herein, we report on the synthesis and structural characterization of two isoelectronic molybdenum(II) and tungsten(II) azide complexes [M(η 3 -allyl)(N 3 )(bpy)(CO) 2 ] and their iClick cycloaddition reaction with two different electron-deficient alkynes, dimethyl acetylenedicarboxylate (DMAD) and 4,4,4-trifluoro-2butynoic acid ethyl ester, which are formally related to each other by substitution of a methyl ester by a trifluoromethyl group. In particular, 19 F NMR studies involving the latter coupling partner were aimed at identifying the initial N1bound triazolate species which should form from the terminal azide ligand in the starting material, while essentially all iClick products with substituents in the 4-and 5-position of the triazolate ring structurally characterized so far are N2coordinated, [20] [21] [22] [23] [24] [25] [26] [27] [28] with some rare N1-bound structures possibly enforced by increased steric bulk on the substituents. (2) and W (10) were prepared from the corresponding halides 1 and 9, respectively. In the case of the molybdenum compound, a one-pot reaction of [Mo(CO) 6 ] with allyl chloride and 2,2'-bipyridine in tetrahydrofuran afforded 1 in 76% yield. 30 However, the corresponding tungsten complex was not accessible via this route due to considerably slower ligand exchange on the 5d vs. 4d metal center. Therefore, a consecutive reaction sequence had to be employed. Starting from [W(CO) 6 ], two carbonyl ligands were oxidized to carbon dioxide by addition of 2 eq. of trimethylamine N-oxide (TMAO), 31 which facilitates the introduction of the 2,2'bipyridine ligand under mild conditions, leading to [W(bpy)(CO) 4 ] (7), although only in a low efficiency of 31%. An additional carbonyl ligand was then replaced by pyridine upon reflux in xylene for 18 h, leading to [W(bpy)(CO) 3 (py)] (8) in 76% yield. 32 The mixed-ligand bipyridine/pyridine complex then underwent oxidative addition of allyl chloride to give [W(η 3 -allyl)Cl(bpy)(CO) 2 ] (9) in a yield of 86%. Introduction of the azide ligands also required different procedures. In the case of molybdenum, the chlorido complex 1 was first treated with silver triflate to precipitate the halide as insoluble silver chloride, followed by reaction with a 2-fold excess of sodium azide in acetonitrile at room temperature overnight, to give 2 in 58% yield. The analogous tungsten compound, on the other hand, was obtained by refluxing chlorido complex 9 in a mixture of acetone/methanol in the presence of 5 eq. of sodium azide for 6 h, which allowed isolation of 10 in 62% yield.
Scheme 1 Synthesis of molybdenum and tungsten triazolate complexes 5, 6, 11, and 12 by catalyst-free room temperature "iClick" reaction of the corresponding azide compounds with electron poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) and 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) or "masked" alkyne dimethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (ONB COOCH3,COOCH3 ).
The molybdenum and tungsten azide compounds 2 and 10 were then tested for their efficiency in the catalyst-free "iClick" cycloaddition reaction with electron-poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) and 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) . Using these coupling partners, the [3+2] cycloaddition reaction proceeded smoothly at room temperature in dichloromethane, from which the triazolate complexes 5, 6, 11, and 12 were easily isolated by precipitation with diethyl ether or n-hexane in moderate to good yield (36-85%). Alternatively, a "masked" alkyne in the form of dimethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (ONB COOCH3,COOCH3 ) was also utilized in the cycloaddition with 2, 33 which gave an even higher yield of triazolate 5 compared to the reaction with DMAD (3). To further evaluate the scope of dipolarophiles, phenyltrifluoromethylacetylene (15) was prepared in a three-step published procedure with the pyrolysis of triphenylphosphonium-α-(trifluoroacetyl)benzylide (14) as the key step (Scheme S1). [34] [35] [36] [37] [38] [39] [40] However, no product could be isolated from a mixture of molybdenum azide complex 2 and alkyne 15 upon reaction in dichloromethane at room temperature for 24 h. A change of the solvent to acetone and increase of the reaction temperature to reflux did not improve the outcome and in both cases, the precipitated red solid turned out to be the molybdenum azide starting material 2 based on 1 H and 19 F NMR analysis. Either the presence of only one electron-withdrawing group is insufficient for a proper match of frontier orbitals or the phenyl group is sterically too demanding to allow approach to the azide reaction partner.
Spectroscopy and X-ray structure analysis
The strong and well-separated vibrational bands of the azide, carbonyl, and triazolate ester groups provide an easy handle for the identification of the reaction products with IR spectroscopy. In particular, the successful substitution of the chlorido by azide ligand is evident from the strong azide antisymmetric stretch present in 2 and 10 at 2036 and 2046 cm -1 , respectively (Table 1) . 41 In the course of the iClick cycloaddition reaction with alkynes, ν asym (N 3 ) disappears and instead, the C=O stretches of the ester carbonyl groups on the triazolate ring formed are observed at about 1710 to 1725 cm -1 . Table 1 Comparison of azide, carbonyl, and triazolate ester group vibrations for molybdenum and tungsten complexes [M(η 3 -allyl)X(bpy)(CO)2] 1, 2, 5, and 6 as well as 9-12 (in cm -1 ).
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Please do not adjust margins exchange of the axial ligand. The replacement of chloride by azide results in changes < 5 cm -1 in both bands. Rather small shifts are also observed upon generation of the coordinated triazolate ligand in the course of the cycloaddition reaction and seem to depend on the further substitution pattern on the newly generated five-membered ring, with the antisymmetric stretch somewhat more responsive than the symmetric one. Replacement of the methyl ester group in the triazolates 5 and 11 by trifluoromethyl in 6 and 12 leads to somewhat larger shifts in the band positions but generally, these do not exceed about 20 cm -1 .
The assignment of the 1 H NMR spectra is complicated by the presence of a mixture of exo and endo conformers due to two alternative orientations of the allyl group relative to the bpy ligand, with some of the signals overlapping. [42] [43] [44] [45] In addition, the triazolate ligand can assume two different coordination modes (N1 vs. N2) when carrying identical substituents in 4and 5-position, as in 5 and 11, while three different isomers are possible for the unsymmetrically substituted compounds 6 and 12. However, the trifluoromethyl group in alkyne 4 as well as triazolate complexes 6 and 12 is a sensitive and diagnostic marker for 19 F NMR spectroscopy. In 4,4,4-trifluoro-2-butynoic acid ethyl ester (4), its resonance is observed at -50.9 ppm while in the resulting triazolate complexes, it is shifted upfield by about -6 to -8 ppm to approx. -58 ppm. In the case of molybdenum compound 6, three signals are observed in that range with an intensity ratio of 80:14:6, while the tungsten analogue 12 shows only two species in 88:12 ratio. However, since the differences in chemical shift are very small, it is not possible to assign the different species to either exo/endo isomers or the different coordination modes of the triazolate ligand. Both azide complexes 2 and 10 as well as the four triazolate compounds 5, 6, 11, and 12 were characterized by single-crystal X-ray structure analysis with the molecular structures shown in Fig. 1 and 2 as well as Fig. S1-S4 . Relevant crystallographic parameters are listed in Table S1 . The tungsten center in 10 is in a pseudooctahedral coordination environment with the bpy ligand and the cis-W(CO) 2 moiety in the central plane (Fig. 1 ). The azide group points away from the bpy with a W1-N1-N2 angle of 124.3(3)° and is located on a mirror plane which intersects the two carbonyl ligands and the central bpy C6-C6a axis, with the two halves of the molecule symmetry-related to each other. All other parameters, in particular long N1-N2 (1.199(6) Å) and short N2-N3 (1.160(7) Å) bond distances in the azide ligand, 41 as well as C1-O1 bond lengths of 1.161(4) Å, are as expected. 46 There are about a dozen tungsten azide complexes structurally characterized so far, [47] [48] [49] [50] [51] [52] [53] [54] [55] but only one of them features a mixedligand carbonyl/azide coordination sphere related to 10. However, in [W(η 3 -allyl)(N 3 )(CO) 2 (en)], the azide ligand is trans to one of the two carbonyl groups, 53 while in 10, it is trans to the allyl moiety. The metrical parameters of molybdenum azide complex 2 are essentially identical to those of the tungsten congener 10, with differences in bond lengths and angles below 0.01 Å and 0.5°, respectively (Fig. S1 ). Most closely related structurally characterized compounds include [Mo(η 3 -allyl)(N 3 )(CO) 2 (en)], 53 also isostructural to the tungsten complex mentioned above, two molybdenum dicarbonyl complexes with chelating diphosphane ligands of general formula [Mo(η 3 -allyl)(N 3 )(CO) 2 (R 2 P(CH 2 ) n PR 2 )], which vary in the linker length and substituent on the phosphorous center (n = 2, R = C 6 H 5 vs. n = 1, R = CH 3 ), 22, 56 and [Mo(N 3 )(NO)(bpm CH3,CH3 )(CO) 2 ] with bpm CH3,CH3 = bis(3,5-dimethyl-pyrazol-1-yl)methane. 57 However, in all these compounds, the azide ligand is oriented trans to one of the diatomic ligands, either CO or NO, not the allyl.
All four triazolate complexes 5, 6, 11, and 12 obtained by iClick reaction with the electron-poor alkynes dimethyl acetylenedicarboxylate (DMAD, 3) or 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) exhibit N2-coordination of the five-membered ring ( Fig. 2 and Fig. S2-S4 ), similar to the other compounds prepared this way we have characterized so far. 19, 28 Since the azide ligand is N1coordinated in 2 and 10, apparently a 1,2-shift has to take place during or after the cycloaddition reaction. The bond lengths and angles of all four triazolate complexes 5, 6, 11, and 12 are essentially identical, with deviations below 0.02 Å and 0.3°, respectively. Apparently, the influence of the metal center (Mo vs. W) and substituent in the 4-and 5-position on the triazolate ring (methyl ester vs. trifluoromethyl/ethyl ester) on these parameters is negligible. (4), C1-W1-C2 78.0(1), N4-W1-N5 73.02 (7) , C1-W1-N4 105.22 (9) , C2-W1-N5 101.89 (9) , N2-W1-(allyl centroid) 176.27 (7) , C15-C16-C17 115.1 (2) , (N2-W1-C16)-(triazolate) 49.5(3).
F NMR kinetic measurements
The rate constant of the cycloaddition reaction is a very important parameter when this method is to be applied to bioconjugation, since it has to be faster than the biological process of interest. With 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) as the alkyne component, the use of 19 F NMR spectroscopy is a facile way to follow the course of the reaction, since there is a shift of about -8 ppm between the alkyne CF 3 signal, 28 which is observed at -50.9 ppm in DMSOd 6 , and that of the trifluoromethyl group in the 4-position of the molybdenum-and tungsten-coordinated triazolates resulting from the cycloaddition, where the peaks are found at around -58 ppm, with very little variance between the two metals. Thus, the tungsten azide complex 10 was dissolved in DMSO-d 6 and mixed with ammonium hexafluorophosphate serving as an internal standard. Then, alkyne 4 was added with the metal azide complex-to-alkyne ratio adjusted to 1:1. A series of 19 F NMR spectra were recorded at 27 °C in 40-50 s intervals over 30 min, with a time lag of about 1 min between the mixing and the first spectrum obtained due to experimental limitations. In addition to the signal of the alkyne at -50.9 ppm and the doublet of the hexafluorophosphate anion at -70.1 ppm with a 1 J F,P coupling of 711 Hz, already the first spectrum recorded shows two additional signals at -58.7 and -59.0 ppm (Fig. 3 top) . With increasing reaction time, these two signals assigned to the isomeric N1-and N2-coordinated triazolate complexes increased in intensity, while the alkyne CF 3 peak at -50.9 ppm decreased continuously with similar time profiles ( Fig. 4) . In contrast, the intensity of the signal of the hexafluorophosphate additive remained constant during the whole time of the measurement. Assuming a second-order rate law and equal concentrations of azide complex and alkyne at the start of the reaction as well as negligible side-reactions, the kinetics can be modelled up to 50% conversion by eq. 1. coupling reactions such as the tetrazine ligation show even faster kinetics with rate constants up to 10 4 M -1 s -1 . 10 The same method was also attempted to study the kinetics of the iClick reaction of the related molybdenum azide complex 2 with alkyne 4. However, the reaction proceeded very fast at room temperature and after 2-3 min, no signal for the trifluoromethyl-substituted alkyne was detectable at -50.9 ppm. This is a strong indication that the type of metal center (Mo vs. W) has a significant influence on the rate constant, but apparently the NMR spectroscopic method successfully applied to the tungsten complex has too long a time lag between mixing and recording of the first spectrum as well as too long delay times between the individual measurements to follow the process in the case of the molybdenum compound.
Solution IR kinetic measurements
Since the iClick reaction was too fast to be monitored by NMR in the case of the molybdenum complex 2 and comparison of the cycloaddition reactions of the azide complexes with DMAD (3) was not possible using this method, since it lacks the fluorine label as in 4,4,4-trifluoro-2-butynoic acid ethyl ester (4), solution IR measurements were explored as an alternative method to obtain the rate constants for the iClick reaction of 2 and 10 with the two alkynes 3 and 4, as previously used successfully to study the cycloaddition reaction of [Rh(Cp * )(N 3 )(bpy R,R )]CF 3 SO 3 with alkyne 4. 19 Thus, the azide complex (2 or 10, 8 mM) dissolved in dimethylsulfoxide was mixed with alkyne (3 or 4, 40 mM) and then quickly transferred to a liquid IR cell, with a maximum time lag of about 1.5 min between mixing and start of the measurement. Measurements in the 1800-2100 cm -1 spectral range were carried out in 20 s intervals until the azide band at 2050-2060 cm -1 had completely disappeared. No spectral overlap was observed in that region with bands assigned to alkynes 3 and 4 (Fig. S5) . In contrast to the azide band, the two signals due to the antisymmetric and symmetric C≡O stretching vibrations between 1835 and 1935 cm -1 remained essentially unchanged during the course of the reaction ( Fig. 5 and Fig. S6 ). A minor intermediate decrease in the intensity of the symmetric C≡O band might be due to subtle differences in the extinction coefficients of this vibration in the azide vs. triazolate species. Significant differences in the time required for the reaction to reach completion are clearly evident in a plot of the intensity of the azide stretch vs. reaction time (Fig. 6 ). The reaction of the azide complexes 2 and 10 with 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) is faster than that with DMAD (3) regardless of the metal complex, while the molybdenum azide complex reacts faster than the tungsten analogue irrespective of the alkyne. The data was fit to a monoexponential decay according to eq. 2 with a correlation coefficient of better than 0.9990 for all four reactions and gave pseudo-first order rate constants k in the range of 0.4 to 6.5 × 10 -3 s -1 (Table 2) .
The molybdenum azide complex 2 reacts about 3-4 times faster than the tungsten analogue 10, while the cycloaddition reaction with 4,4,4-trifluoro-2-butynoic acid ethyl ester (4) is 4-7 times more rapid than the one with DMAD (3). 58 the influence of the metal on the speed of the iClick reaction has not been studied so far and thus there is no data available for comparison. Unfortunately, the isostructural chromium azide complex was not accessible for comparison due to low stability of the starting materials. 
DFT calculations
In order to obtain some insight into the energy hypersurface of the triazolate complexes, in particular with regard to the orientation of the allyl ligand (exo vs. endo), the coordination mode of the five-membered ring (N1 vs. N2), and the rotation of the triazolate around the metal-N axis, DFT calculations were carried out on one of the molybdenum complexes serving as a model system, using the BP86 functional, a TZVP basis set, and the COSMO solvation model using dimethylsulfoxide, as also employed in the NMR studies. A full geometry optimization without constraints showed the N2-coordinated endo isomer of 5 to be 6.2 kcal mol -1 more stable than the exo one. Retaining the endo orientation of the allyl ligand, the corresponding N1 species was destabilized by 6.9 kcal mol -1 relative to the reference isomer ( Fig. 7) , which is also confirmed by other recent structural studies. 60, 61 Thus, the triazolate coordination mode and allyl ligand orientation observed in the X-ray structure of 5 is indeed the most stable of the three isomers studied. However, due to the many degrees of freedom, the additional effect of rotation of the methyl ester groups around the triazolate-C4/C5-COOCH 3 axis and variation of the H 3 C-O-C=O torsion angle was not further investigated. A relaxed surface scan of the N2-coordinated endo isomer with rotation of the triazolate around the Mo-N2 bond in 15° steps showed the "parallel" orientation of the triazolate mean plane and the central bpy C-C axis as well as the "perpendicular" conformation with the triazolate at 90° relative to the bipyridine central axis to be minimum structures, with the latter slightly lower in energy by about 0.2 kcal mol -1 , while the eclipsed orientations are transition states between the four minimum structures (Fig. 8 ). However, with a maximum difference in energy of only 0.9 kcal mol -1 , the barrier is extremely low, even less than the 1.3 kcal mol -1 determined for a [Mn(triazolate)(bpy)(CO) 3 ] derivative in a previous study 28 and only about one-third of the energy difference between the staggered and eclipsed conformations of ethane of about 2.9 kcal mol -1 . 62 In the case of the unsymmetrically substituted molybdenum complex 6, a different energy profile was observed ( Fig. S7 ), since the "perpendicular" conformer with the trifluoromethyl group pointing towards the bpy ring is significantly more stable than the one turned by 180°, with the ethyl ester group towards the bipyridine. Furthermore, the eclipse conformations now also become inequivalent. Still, even in this case, the maximum barrier height does not exceed 1.3 kcal mol -1 . Thus, the triazolate ligand can rotate freely around the Mo-N2 axis at ambient temperature and there is only a very minor influence of the substituents in 4-and 5-position on the barrier height.
Conclusions
Two group VI azide complexes of the general formula [M(η 3allyl)(N 3 )(bpy)(CO) 2 ] with M = Mo, W were prepared and fully characterized, including X-ray structure analysis, which revealed little differences between the two compounds. While the molybdenum(II) complex was accessible in two steps, the one-pot reaction of [Mo(CO) 6 ] with allyl chloride and 2,2'bipyridine followed by exchange of the chloride to the azide ligand, the tungsten(II) analogue required a different synthetic strategy due to significantly slower ligand exchange. Initially, two of the CO ligands in tungsten(0) hexacarbonyl were removed with TMAO and then replaced by bpy. This was followed by exchange of a third carbonyl ligand by pyridine in refluxing xylene. The resulting [W(bpy)(CO) 3 (py)] was then employed in a further reaction sequence similar to the one employed for the molybdenum complex. The two azide complexes underwent smooth [3+2] cycloaddition iClick reactions with electron-poor alkynes such as dimethyl acetylenedicarboxylate (DMAD) and 4,4,4-trifluoro-2-butynoic acid ethyl ester, while phenyltrifluoromethylacetylene did not react. However, at present it is unclear whether this is due to electronic or steric factors. The four triazolate compounds obtained were characterized by X-ray structure analysis, which revealed the five-membered ring to be coordinated to the metal center via the N2 nitrogen atom in all cases. In contrast, 19 F NMR spectra of the trifluoromethyl-substituted products gave hints of a mixture of the N1-and N2-coordinated species in solution, although the assignment is complicated by the additional exo/endo isomerism of the ally ligand. Still, the method allowed facile study of the reaction kinetics in the case of the tungsten azide complex, which gave a second-order rate constant of (7.3±0.1) × 10 -2 M -1 s -1 , comparable to that observed for some first-generation cyclic alkynes used in the strain-promoted azide-alkyne cycloaddtion (SPAAC). The analogous molybdenum complex reacted too fast for study with NMR methods and attempts to also prepare the similar chromium compound did not succeed due to very low stability of the precursors. On the other hand, solution IR measurements allowed the determination of pseudo-first order rate constants for all four combinations of metal-azide complexes and alkynes, which were found to be in a range of 0.4 to 6.5 × 10 -3 s -1 and increased in the order of Mo > W and F 3 C-C≡C-COOEt > DMAD. Thus, for the first time, there has been a systematic evaluation of the effect of the metal center on the kinetics of the iClick cycloaddition reaction of metalcoordinated azides with electron-poor alkynes. In otherwise isostructural and isoelectronic compounds, the 4d complex was consistently found to react faster than the 5d analog. This demonstrates that the kinetics of the iClick reaction of metalcoordinated small ligands can be tuned not only by variation of electron-withdrawing vs. electron-donating groups in the periphery of the alkyne 18 or the coligands, 19 but also by exchange of the metal itself. Thus, it is expected that this reaction can be extended to additional transition metal azide complexes and such experiments are currently under way. In contrast, the choice of the alkyne seems to be much more limited, as demonstrated by the failure of phenyltrifluoromethylacetylene to give any cycloaddition product, even at elevated temperatures. More work will be required to dissect the electronic and steric factors which govern the reactivity of this component and establish a general building block approach to metal-triazolate complexes. 13 
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